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ABSTRACT
We investigate the use of surface brightness fluctuations (SBF) measurements in op-
tical and near-IR bandpasses for both stellar population and distance studies. New
V -band SBF data are reported for five galaxies in the Fornax cluster and combined
with literature data to define a V -band SBF distance indicator, calibrated against
Cepheid distances to the Leo group and the Virgo and Fornax clusters. The colour
dependence of the V -band SBF indicator is only ∼ 15% steeper than that found for
the I-band, and the mean ‘fluctuation colour’ of the galaxies is 〈V−I〉 ≈ 2.4.
We use new stellar population models, based on the latest Padua isochrones (Gi-
rardi et al. 2000) transformed empirically to the observational plane, to predict optical
and near-IR SBF magnitudes and integrated colours for a wide range of population
ages and metallicities. We examine the sensitivity of the predicted SBF–colour rela-
tions to changes in the isochrones, stellar transformations, and initial mass function.
The new models reproduce fairly well the weak dependence of V and I SBF in glob-
ular clusters on metallicity, especially if the more metal-rich globulars are younger.
Below solar metallicity, the near-IR SBF magnitudes depend mainly on age while the
integrated colours depend mainly on metallicity. This could prove a powerful new
approach to the age-metallicity degeneracy problem; near-IR SBF observations of
globular clusters would be an important test of the models.
The models also help in understanding the (V−I) and (I−K) fluctuation colours
of elliptical galaxies, with much less need for composite stellar populations than in pre-
vious models. However, in order to obtain theoretical calibrations of the SBF distance
indicators, we combine the homogeneous population models into composite models
and select out those ones with fluctuation colours consistent with observations. We
are able to reproduce the observed range of elliptical galaxy (V−I) colours, the slopes
of the V and I SBF distance indicators against (V−I) (fainter SBF in redder popu-
lations), and the flattening of the I-band relation for (V−I) ∼< 1.0. The models also
match the observed slope of I-band SBF against the Mg2 absorption index and ex-
plain the steep colour dependence found by Ajhar et al. (1997) for the HST/WFPC2
F814W-band SBF measurements. In contrast to previous models, ours predict that the
near-IR SBF magnitudes will also continue to grow fainter for redder populations.
The theoretical V -band SBF zero point predicted by these models agrees well with
the Cepheid-calibrated V -band empirical zero point. However, the model zero point
is 0.15–0.27mag too faint in the I-band and 0.24–0.36mag too faint in K. The zero
points for the I band (empirically the best determined) would come into close agree-
ment if the Cepheid distance scale were revised to agree with the recent dynamical
distance measured to NGC4258. We note that the theoretical SBF calibrations are
sensitive to the uncertain details of stellar evolution and conclude that the empirical
calibrations remain more secure. However, the sensitivity of SBF to these finer details
potentially make it a powerful, relatively unexploited, constraint for stellar evolution
and population synthesis.
Key words: galaxies: distances and redshifts — galaxies: elliptical and lenticular,
cD — galaxies: fundamental parameters — galaxies: stellar content
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1 INTRODUCTION
Attempting to uncover the mix of stellar ages and metallic-
ities within a composite system such as an elliptical galaxy
can be compared to trying to puzzle out the recipe for
an elaborate gourmet dish on the basis of appearance and
aroma alone. The basic ingredients may be obvious, but
without the benefit of actually biting in, deciding how to
prepare and combine them to reproduce the final product is
guesswork.
Historically, most attempts at modeling the stellar pop-
ulations within elliptical galaxies have concentrated on re-
producing broad-band photometric colours using various
‘empirical’ or ‘evolutionary’ schemes (e.g., Spinrad & Tay-
lor 1971; Faber 1972; Tinsley 1972, 1978; Bruzual 1983) to
combine stars of different masses, metallicities, and/or ages.
More recently, stellar population models have also included
predictions for the absorption line strengths in the inte-
grated spectra (e.g., Worthey 1994; Buzzoni 1995; Weiss,
Peletier, & Matteucci 1995; Borges et al. 1995; Vazdekis
et al. 1996). The combination of broadband colours and
absorption line indices allows for better constraints on the
stellar content of galaxies. However, the spectral indices re-
veal at least two clear shortcomings of stellar population
synthesis: model populations of reasonable ages (∼
< 18Gyr)
cannot reproduce the weak Balmer absorption indices ob-
served in the more metal rich Galactic globular clusters (Co-
hen, Blakeslee, & Ryzhov 1998; Gibson et al. 1999; Vazdekis
& Arimoto 1999) and the model metal abundances do not
match the ratios observed in giant ellipticals or metal-rich
globulars, both of which exhibit enhancement of Mg and the
other alpha elements (e.g., Peletier 1989; Worthey, Faber, &
Gonzalez 1992; Vazdekis et al. 1997; Worthey 1998; Cohen
et al. 1998). Moreover, because of the degenerate behaviour
of the integrated colours and indices with respect to age and
metallicity variations (see Worthey 1994), even some of the
successes of the models prove ambiguous. Clearly, new in-
sights beyond those afforded by the usual measures of the
integrated stellar spectrum are needed for unraveling the
stellar content of early-type galaxies.
Observations of surface brightness fluctuations (SBF)
provide a powerful, and hitherto fairly neglected, class of
constraints for stellar population models. The SBF method
is most well known for studies of the extragalactic distance
scale (e.g., Tonry & Schneider 1988; Tonry, Ajhar, & Lup-
pino 1990; Tonry et al. 1997, hereafter SBF-I; Lauer et al.
1998; Pahre et al. 1999) and peculiar velocity field (Tonry
et al. 2000a, hereafter SBF-II; Blakeslee et al. 1999b). How-
ever, discussions of optical SBF in the context of stellar
populations studies have been given by Tonry et al. (1990),
Worthey (1993a,b), Buzzoni (1993), Ajhar & Tonry (1994),
and Sodemann & Thomsen (1996). The implications of near-
infrared SBF observations for distances and stellar popu-
lations have been discussed by Luppino & Tonry (1993),
Pahre & Mould (1994), Jensen, Luppino, & Tonry (1996),
and Jensen, Tonry, & Luppino (1998). Blakeslee, Ajhar, &
Tonry (1999a) give a recent comprehensive review of the
SBF method and its applications. More recently, Liu, Char-
lot, & Graham (2000) have presented SBF predictions us-
ing a completely updated version of the Bruzual & Charlot
(1993) stellar population models. Their work allows for an
up-to-date and independent (appearing after this paper was
submitted) comparison to our own.
SBF distances are based on a measurement of the quan-
tity m, the apparent magnitude of the luminosity-weighted
mean luminosity of the individual stars within a galaxy.
This mean luminosity, called L, is a well-defined property of
any stellar system in any given bandpass. SBF thus begins
to provide some taste of the constituent stars of a galaxy.
Multiband SBF observations yield distance-independent
‘fluctuation colours,’ e.g., (V−I). The behaviour of the abso-
lute SBF magnitudes and fluctuation colours, when plotted
for instance against integrated colours, absorption indices,
or each other, must be reproduced before any population
synthesis model can be deemed fully successful.
In the following section, we present new V -band SBF
measurements for five galaxies in the Fornax cluster. Most
SBF observations to date have been done in the I-band and
near-IR bands, as the fluctuations in old stellar populations
are much brighter in these bands and expected to show less
scatter. The only sizable V -band SBF data set so far pub-
lished has been by Tonry et al. (1990) for galaxies in the
Virgo cluster. However, quantities such as (V−I) may be
useful in stellar population studies, and because of its com-
pactness, the Fornax cluster is a favourite testbed for such
ideas. In Sec. 3, we describe an updated set of the models
of Vazdekis et al. (1996) and present SBF magnitude pre-
dictions from these. We compare these predictions to obser-
vations of elliptical galaxies and globular clusters in Sec. 4.
The comparisons provide insight into the observations and
help in gauging the accuracy of theoretical calibrations of the
SBF distance method. In Sec. 5 we construct composite pop-
ulations from our simple population models and use these
to derive theoretical calibrations as a function of (V−I). We
also compare the Mg2 and (V−I) indices as SBF calibrators.
Sec. 6 discusses the new Tonry fluctuation numberN (Tonry
et al. 2000b, hereafter SBF-IV) and provides an explanation
of its observed properties. The final section summarizes the
major results and conclusions.
2 NEW V -BAND FORNAX DATA
2.1 Observations and Reductions
We observed five Fornax cluster galaxies in 1995 August
with the Tek 4 CCD camera at the Cassegrain focus on
the 4m telescope at Cerro Tololo Inter-American Observa-
tory. These data were previously reported on by Blakeslee &
Tonry (1996), who studied the globular cluster populations
of these galaxies. Four or five 600 s V -band exposures were
taken of each galaxy. The image scale was 0.′′158 pix−1, and
the usable area was about 5.′1 square. The sky was photo-
metric, and the seeing was ∼ 1′′. The photometry was cali-
brated using Landolt (1992) standard stars.
The images were processed and reduced after the stan-
dard manner of the SBF Survey, as described by Tonry et al.
(1990; SBF-I) and Blakeslee et al. (1999a). We summarize it
here. Individual data frames are bias-subtracted, flattened,
shifted into registration, and combined, rejecting pixels af-
fected by cosmic ray hits. We then fit and remove a smooth
galaxy model and run DoPhot (Schechter, Mateo, & Saha
1993) on the resulting image to detect the (unresolved) glob-
ular clusters, faint background galaxies and Galactic stars.
c© 2000 RAS, MNRAS 000, 1–24
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Table 1. Fornax Galaxy Data
Galaxy vh AV sec z Exp. PSF m
∗
1
V−I V ± V−I ±
(km/s) (mag) (sec) (′′) (mag) (mag) (mag) (mag) (mag) (mag)
N1316 1760 0.07 1.01 3000 1.04 35.22 1.13 32.25 0.16 2.42 0.22
N1344 1169 0.06 1.02 2400 1.04 34.98 1.14 31.95 0.11 2.28 0.31
N1380 1877 0.06 1.00 2400 1.03 34.99 1.20 32.33 0.12 2.54 0.19
N1399 1425 0.04 1.10 2400 0.94 34.98 1.23 32.47 0.12 2.36 0.18
N1404 1947 0.04 1.02 2400 1.04 35.00 1.22 32.48 0.12 2.28 0.20
The detected objects (ranging from 1650 to 3200 for these
images) are then used to construct a composite luminos-
ity function that gives an estimate for the variance in sur-
face brightness from faint, undetected sources. The detected
sources brighter than a cutoff signal-to-noise threshold of 4.5
are masked out of the image, and the amplitude of the sur-
face brightness fluctuations is derived from the power spec-
trum in different regions within the image.
The variance from globular clusters and background
galaxies becomes more important relative to the stellar fluc-
tuations (dominated by red giant stars) in bluer bands.
However, these images are deep enough to allow for good
characterization of the globular cluster luminosity functions
(GCLFs) of these galaxies, with the detection completeness
going more than a magnitude beyond the peak in the GCLF
(Blakeslee & Tonry 1996). Our GCLF analysis is consistent
with the HST results obtained in the B and I bands for
three galaxies in common (Grillmair et al. 1999; Ferrarese
et al. 2000 give a complete tabulation). Moreover, changing
our signal-to-noise cutoff from 4.5 to 5.0 only changes the
final V -band SBF magnitudes in random fashion and at the
0.02mag level.
Because of the importance of the template star used
in modeling the power spectrum of the point spread func-
tion (PSF), we carried out the SBF reductions with 2 or 3
different stars in each image except that of NGC1380, for
which there is only a single good PSF star. The differences
in V calculated from the different templates were typically
∼
< 0.05mag, the standard allowance made in the SBF Sur-
vey reductions for PSF mismatch, which we also include in
the uncertainty.
Table 1 lists for the present data sample: the galaxy
name; heliocentric velocity from NED⋆; V -band Galactic ex-
tinction from Schlegel, Finkbeiner, & Davis (1998, hereafter
SFD); mean sec z airmass of the observation; exposure time;
full-width at half maximum of the PSF; magnitude m∗1 for
a source yielding 1 photoelectron per total integration time;
mean (V−I) colour of the galaxy from the SBF Survey cata-
logue (SBF-IV); V -band SBF magnitude V measured in the
current data set; and the (V−I) fluctuation colour using
the I from the SBF Survey catalogue. The magnitudes and
colours are corrected for Galactic extinction. Taking the dif-
ference V−m∗1 shows that at least 10 electrons are collected
for each giant star of magnitude V , which is above the aver-
age for the I-band SBF survey (Blakeslee et al. 1999a; SBF-
IV), despite the fluctuations being significantly brighter in I .
⋆ The NASA/IPAC Extragalactic Database (NED) is operated
by the Jet Propulsion Laboratory, Caltech, under contract with
the National Aeronautics and Space Administration
The darkness of the sky in V adds further to the advantage
of these data.
We find a mean SBF colour 〈V−I〉For = 2.39±0.09 with
an rms dispersion of 0.11mag for these Fornax galaxies. The
dispersion is smaller than the quoted uncertainties in Ta-
ble 1, which yield a reduced χ2 of only 0.28. However, with
only 4 degrees of freedom, the probability of χ2ν this small is
11%, not unreasonable. For the twelve Virgo and Leo galax-
ies with V measured by Tonry et al. (1990), updated to use
SFD extinctions and to include the same 0.05mag allotment
for PSF mismatch, we derive 〈V−I〉Vir = 2.42 ± 0.05, with
a dispersion of 0.15mag and χ2ν = 1.09. We conclude that
over the limited range of stellar populations found among
the early-type galaxies in Virgo and Fornax, V apparently
follows the same behaviour as I , so that (V−I) is observed to
be approximately constant. Given this, V should also work
as a distance indicator for early-type galaxies.
2.2 The Empirical V -band SBF Distance Indicator
The small scatter in (V−I) suggests that the V -band abso-
lute SBF magnitudeMV can be written as a linear function
of (V−I), as is the case forMI (SBF-I). We choose the same
fiducial colour as for I and write
MV = M
0
V + β [(V−I)− 1.15] , (1)
where β and M
0
V are the slope and zero point of this pro-
posed universal relation. Doing a bivariate fit to the Fornax
V –(V−I) relation (including an allowance for group depth,
as in SBF-I) gives a slope βFor = 4.8 ± 1.7, and the Virgo
data yield 5.29 ± 0.91. Tonry et al. (1990) also measured
V for two Leo ellipticals (finding V = 30.61 for NGC3377
although it did not appear in their tables), and these give
a slope of 7.1 ± 2.4. The weighted average for these three
groups is β = 5.37±0.76. Shifting the three groups together
according to their average Cepheid distances (Ferrarese et al.
2000) and doing a single bivariate fit to the V -(V−I) rela-
tion gives a consistent slope of β = 5.24±0.74. If we instead
shift the three groups together according to their I-band
SBF relative distances (SBF-II) which are based on many
more galaxies, we find β = 5.28 ± 0.74.
The I-band SBF measurements should give a more ac-
curate set of relative distances to the early-type galaxies in
these groups, since the late-type host galaxies of Cepheids
are less strongly clustered (see Ferrarese et al. 2000; SBF-
II). However, the difference is unimportant here. We adopt
β = 5.3±0.8 for the slope of the V -(V−I) relation. Mindful
of possible systematic effects, we have chosen to be conser-
vative with the errorbar. For instance, substructure in the
Virgo cluster could make the allowance for an rms group
c© 2000 RAS, MNRAS 000, 1–24
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Figure 1. The V -band SBF vs. integrated (V −I) colour (both
corrected for Galactic extinction) relation for galaxies in the For-
nax and Virgo clusters and the Leo group. The Fornax data are
from the present study and the other data are from Tonry et al.
(1990). The V errors have been increased in quadrature by 0.02,
0.08, and 0.05mag for Leo, Virgo, and Fornax, respectively, to
reflect the expected rms group depths. The integrated colours are
from the I-band SBF Survey catalogue and are usually the aver-
age of 2 or more photometric observations. The dashed lines show
fits with the adopted slope of 5.3 (see text).
depth a poor approximation. In addition, the giant galaxy
NGC1316 in Fornax is much more dusty and disturbed than
any of the others and may be a poor choice as a calibrator,
and with Leo having only two galaxies in the sample, there
really is not much leverage at (V−I) ∼
< 1.13.
Figure 1 shows observed V plotted against (V−I) for
galaxies in Leo, Virgo, and Fornax. The data are all from
the present study and Tonry et al. (1990). Fitting with a
fixed slope of 5.3 gives zero points at (V−I) = 1.15 of
V
0
= 30.87±0.08, 31.83±0.05, and 32.10±07 mag for Leo,
Virgo, and Fornax, respectively. Assuming a universal V -
(V−I) relation therefore indicates that Virgo and Fornax are
0.96±0.10 mag and 1.23±0.11 mag more distant than Leo,
respectively. The Cepheid measurements give distance mod-
uli for Virgo and Fornax with respect to Leo of 0.95 ± 0.08
and 1.34 ± 0.08 (Ferrarese et al. 2000, excluding the more
distant NGC1425 from Fornax), and the corresponding rel-
ative moduli from I-band SBF are 0.93±0.05 and 1.30±0.05
(SBF-II). Thus, these three measures (Cepheids, I SBF, and
V SBF) of the relative distances are all consistent.
We conclude that the data support a universal relation
as in Eq. (1), although they are not of sufficient quantity for
a very rigorous test. An absolute calibration for V -band SBF
can be obtained from the I-band distances calibrated against
the Cepheid distances to groups. Calibrated this way, the
I-band zero point is M
0
I = −1.62 mag, which places Leo,
Virgo, and Fornax at (m−M) = 30.10, 31.03, and 31.40mag.
The resulting V zero point is M
0
V = 0.77 ± 0.05 ± 0.08
mag, where the first errorbar is the internal uncertainty and
the second errorbar is the estimated systematic uncertainty
in tying SBF groups to the Cepheid distance scale (SBF-
II). (The uncertainty in the Cepheid scale itself is about
0.17mag according to Mould et al. 2000.) The fully empiri-
cal calibration for V -band SBF is then
MV = (0.77 ± 0.12) + (5.3 ± 0.8) [(V−I)− 1.15] . (2)
Simply adopting the mean Cepheid distances measured for
spirals in these three groups gives a virtually identical zero
point of M
0
V = 0.76± 0.06 mag. However, using the I-band
survey distances calibrated from our attempts to measure
SBF in the bulges of Cepheid-bearing spirals gives a zero
point 0.12mag brighter. We have used the group-calibrated
distances because of the close agreement with the Cepheids
distances and because of the large systematic and random
uncertainties inherent in SBF distances to spirals, but we
have adopted the 0.12 mag offset as an estimate of the un-
certainty in Eq. (2). SBF-II discusses the difficulties in the
zero-point calibration in greater detail.
3 STELLAR POPULATION MODELS
3.1 Description of the Models
For this investigation we use the evolutionary stellar popula-
tion synthesis models of Vazdekis et al. (1996), as updated
by Vazdekis (2000). These models calculate colours, line-
strengths, and mass-luminosity ratios for intermediate-age
and old single-metallicity stellar populations (SSPs). High
resolution spectral energy distributions for these models in
selected regions of the optical spectrum are presented by
Vazdekis (1999). The reader is referred to these papers for
a complete description of the models, but it is important to
summarize the main ingredients here.
The Vazdekis et al. (1996) code made use of the ho-
mogeneous set of Bertelli et al. (1994) (i.e., ‘old Padua’)
isochrones, extended to masses M<0.6 M⊙ using the stel-
lar tracks of Pols et al. (1995), while here we switch to the
Girardi et al. (2000) (i.e., ‘new Padua’) isochrones. The two
sets of isochrones cover a wide range of ages and metallicities
and include the latest stages of the stellar evolution through
the thermally pulsing asymptotic giant branch (AGB). The
low-mass cutoff of the new Padua isochrones has been ex-
tended down to 0.15 M⊙, and the largest metallicity com-
puted is Z=0.03 (instead of Z=0.05 as in the old set). Other
differences with respect to the old set of isochrones include
an improved equation of state, updated low-temperature
opacities, a different prescription for the helium fraction Y ,
and a milder amount of convective overshoot (the extent to
which the mean free path of the convective elements takes
them beyond the point at which their acceleration vanishes).
The AGB treatment has also been revised. Girardi et al.
c© 2000 RAS, MNRAS 000, 1–24
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supply more details and references, but as the accumulated
differences in the isochrones produce nonnegligible changes
in our own model results below, we feel it is important to
provide some explanation.
The convective mixing length and the amount of over-
shoot at the boundaries of the core and envelope convective
zones were tuned so that the 4.6Gyr solar metallicity, so-
lar mass track would match the observed solar radius and
luminosity as well as the helioseismological determination
of the convective envelope depth. Overshooting in effect in-
creases the size of the convective zones, which increases the
luminosity. In the core it also helps replenish the hydro-
gen supply, thus increasing the main sequence lifetime (e.g.,
Bertelli, Bressan, & Chiosi 1985). The mixing length param-
eter optimized for the solar model was then adopted for all
the stellar models, and the parameters governing convective
overshoot were made appropriate functions of the mass.
The helium fraction was also tuned to the solar model.
The new relation corresponds to Y ≈ 0.23+2.25Z, whereas
Bertelli et al. used a relation with a slope of 2.5, which they
quoted as a lower limit. The isochrones used by Worthey
(1994) employed a steeper slope of 2.7, but the solar metal-
licity definition was 10% lower. We emphasize that this slope
is not well known, and there may well be other factors gov-
erning the helium content (e.g., Alonso et al. 1997). The he-
lium fraction is important because it controls the molecular
weight, and thus the mass-luminosity relation and lifetimes
of metal-rich stars. For a fixed mass, an increase of 0.05 in Y
at solar metallicity decreases the lifetime by 40% (Charlot,
Worthey, & Bressan 1996), which significantly changes the
temperature difference between the main sequence turnoff
and the giant branch.
We caution that since the stellar physics has been
specifically tuned to match the observed properties of the
sun, the accuracy depends on our detailed understanding of
the solar interior, as well as the extent to which the sun
is a typical star. Of course, while the solar neutrino prob-
lem remains unsolved, we must continue to expect imperfect
agreement between theory and observations. Moreover, in
comparison to solar ratios, elliptical galaxies (our main con-
cern here) have enhanced alpha-element abundances with
respect to iron-peak abundances. Alpha enhancement makes
the isochrones cooler, by hundreds of K, from the main se-
quence through the RGB (e.g., Salaris, Chieffi, & Straniero
1993; Worthey 1998), although this may simply mimic a
global metallicity change. Another effect, elemental diffu-
sion, makes the turnoff temperature cooler without much
change to the RGB (Straniero, Chieffi, & Limongi 1997).
However, neither of these effects is understood in detail, and
the Padua isochrones make no allowance for them.
Girardi et al. calculate the stellar tracks only to the be-
ginning of the thermally pulsing AGB. For the isochrones,
they then employ a ‘synthetic’ prescription to complete the
evolution through this phase to the point of complete enve-
lope ejection. The prescription follows Vassiliadis & Wood
(1993), Groenewegen & de Jong (1993), and Girardi &
Bertelli (1998). The Padua group is currently further re-
vising their AGB treatment to use more detailed models.
The Vazdekis (2000) code transforms the theoretical pa-
rameters (luminosity and temperature) of the isochrones to
the observational plane (e.g., fluxes, colours) following em-
pirical relations inferred from extensive observational pho-
tometric and spectral stellar libraries rather than using
model stellar atmospheres. The model uses the metallicity-
dependent empirical relations of Alonso et al. (1996) for
dwarfs and the ones of Alonso et al. (1999) for giants of
all metallicities (each sample is composed of ∼500 stars).
A semi-empirical approach is performed for giants with
temperatures cooler than ∼3500 K and dwarfs cooler than
∼4000 K on the basis of the empirical colour-Teff relations of
Lejeune et al. (1997) and Lejeune et al. (1998), respectively,
for solar metallicity; these are applied to other metallicities
according to the stellar model atmospheres of Hauschildt
et al. (1999). This treatment differentiates this model from
most other evolutionary codes (e.g., Worthey 1994; Tantalo
et al. 1996; Kodama & Arimoto 1997; Kurth et al. 1999)
which are primarily based on theoretical stellar atmospheres,
from which the colours are calculated. The bolometric cor-
rection we adopt for the sun is BC⊙ = −0.12 with a bolo-
metric magnitude of 4.70.
Absorption line strengths on the Lick/IDS system are
also calculated in our models using the empirical fitting func-
tions of Worthey et al. (1994) and Worthey & Ottaviani
(1997). These line indices, as well as the ones of Rose (1994),
can also be measured on the Vazdekis (1999) model spectral
energy distributions.
The code assumes two shapes for the initial mass func-
tion (IMF): unimodal, having a power law form with the
logarithmic slope µ as a free parameter (where µ = 1.3
corresponds to a Salpeter [1955] IMF), and bimodal, which
is similar to the previous one but with a transition to a
shallower slope starting at 0.6M⊙, becoming flat for masses
< 0.4 M⊙(see Vazdekis et al. 1996). The bimodal form can
be made to approximate a Miller-Scalo (1979) type IMF.
In order to gauge the uncertainty in the SBF predictions
presented below, we have also computed an additional set
of models on the basis of the isochrones used by Vazdekis
et al. (1996) (old Padua extended to lower masses by the Pols
et al. tracks), although applying the new transformations to
the observational plane.
3.2 SBF Predictions
The luminosity-weighted mean luminosity L of a stellar pop-
ulation in a photometric band λ is given by the ratio of the
second and first moments of the stellar luminosity function
n(Lλ) in that band:
Lλ =
∫
n(Lλ)L
2
λ dLλ∫
n(Lλ)Lλ dLλ
=
〈L2λ〉
〈Lλ〉
. (3)
This luminosity is then converted to the magnitude M . Be-
cause of the luminosity weighting, M is most sensitive to
the brightest stars in a population. See Liu et al. (2000)
for a quantitative discussion of the contributions of stars at
different evolutionary phases to the SBF signal.
3.2.1 New Models Results
We have calculated SBF magnitudes for the models de-
scribed in the previous section using a range of IMFs. As
an example, Table 2 lists some results for models with a
unimodal IMF of slope µ = 1.3 (Salpeter). The table lists
the metallicity (dex) and age (Gyr) of each model, several
c© 2000 RAS, MNRAS 000, 1–24
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Table 2. SBF Predictions from New Models for Salpeter µ=1.3 IMF
[Fe/H] Gyr B−V V−I J−K Mg2 MU MB MV MR MI MJ MH MK
−1.7 4.0 0.58 0.82 0.62 0.046a 0.86 −0.26 −2.05 −3.03 −3.88 −5.01 −5.95 −6.16
−1.7 5.0 0.59 0.83 0.61 0.048a 0.95 −0.12 −1.86 −2.81 −3.64 −4.76 −5.69 −5.90
−1.7 6.3 0.61 0.85 0.61 0.050a 1.03 −0.01 −1.68 −2.60 −3.41 −4.51 −5.43 −5.63
−1.7 7.9 0.63 0.85 0.60 0.053a 1.09 0.10 −1.50 −2.39 −3.17 −4.24 −5.13 −5.33
−1.7 10.0 0.64 0.86 0.59 0.054 1.17 0.24 −1.28 −2.13 −2.88 −3.92 −4.78 −4.97
−1.7 11.2 0.65 0.86 0.59 0.056 1.19 0.29 −1.19 −2.02 −2.76 −3.77 −4.62 −4.81
−1.7 12.6 0.65 0.86 0.58 0.058 1.22 0.36 −1.09 −1.90 −2.62 −3.62 −4.45 −4.63
−1.7 14.1 0.65 0.86 0.58 0.055 1.25 0.43 −0.98 −1.77 −2.47 −3.45 −4.27 −4.44
−1.7 15.8 0.64 0.85 0.58 0.058 1.27 0.50 −0.86 −1.64 −2.32 −3.28 −4.07 −4.24
−1.7 17.8 0.63 0.85 0.58 0.060 1.27 0.55 −0.78 −1.53 −2.20 −3.13 −3.90 −4.06
−1.3 4.0 0.62 0.88 0.68 0.074a 1.50 0.32 −1.53 −2.62 −3.60 −4.95 −6.02 −6.27
−1.3 5.0 0.65 0.89 0.68 0.077a 1.59 0.42 −1.39 −2.44 −3.41 −4.76 −5.82 −6.07
−1.3 6.3 0.67 0.90 0.67 0.079a 1.65 0.50 −1.26 −2.29 −3.22 −4.53 −5.57 −5.82
−1.3 7.9 0.68 0.90 0.65 0.082a 1.74 0.61 −1.09 −2.08 −2.97 −4.23 −5.25 −5.49
−1.3 10.0 0.70 0.91 0.65 0.083 1.81 0.71 −0.93 −1.88 −2.73 −3.94 −4.92 −5.15
−1.3 11.2 0.71 0.91 0.64 0.082 1.82 0.75 −0.87 −1.80 −2.62 −3.79 −4.76 −4.98
−1.3 12.6 0.71 0.92 0.64 0.086 1.84 0.79 −0.81 −1.71 −2.52 −3.65 −4.60 −4.81
−1.3 14.1 0.72 0.92 0.63 0.088 1.84 0.82 −0.75 −1.64 −2.43 −3.54 −4.46 −4.67
−1.3 15.8 0.71 0.92 0.63 0.093 1.91 0.92 −0.61 −1.48 −2.24 −3.31 −4.21 −4.40
−1.3 17.8 0.70 0.91 0.63 0.094 1.83 0.96 −0.53 −1.38 −2.13 −3.18 −4.06 −4.24
−0.7 4.0 0.73 0.99 0.77 0.124a 2.59 1.39 −0.36 −1.47 −2.83 −4.75 −5.95 −6.17
−0.7 5.0 0.75 1.00 0.76 0.127a 2.72 1.49 −0.26 −1.35 −2.68 −4.57 −5.76 −5.98
−0.7 6.3 0.77 1.01 0.76 0.133 2.85 1.59 −0.15 −1.23 −2.53 −4.38 −5.57 −5.79
−0.7 7.9 0.79 1.03 0.76 0.144 2.95 1.68 −0.05 −1.13 −2.40 −4.21 −5.39 −5.61
−0.7 10.0 0.82 1.04 0.76 0.155 3.00 1.74 0.03 −1.04 −2.28 −4.02 −5.19 −5.42
−0.7 11.2 0.83 1.05 0.76 0.161 3.00 1.76 0.06 −0.99 −2.22 −3.91 −5.07 −5.31
−0.7 12.6 0.84 1.06 0.76 0.167 2.99 1.78 0.09 −0.95 −2.15 −3.78 −4.93 −5.18
−0.7 14.1 0.85 1.07 0.76 0.172 2.96 1.80 0.13 −0.91 −2.09 −3.66 −4.80 −5.06
−0.7 15.8 0.86 1.07 0.76 0.177 2.91 1.83 0.18 −0.85 −2.00 −3.50 −4.64 −4.90
−0.7 17.8 0.86 1.07 0.75 0.183 2.80 1.83 0.21 −0.80 −1.92 −3.33 −4.44 −4.72
−0.4 4.0 0.80 1.05 0.84 0.158 3.27 1.97 0.24 −0.83 −2.26 −4.38 −5.58 −6.06
−0.4 5.0 0.82 1.07 0.84 0.167 3.43 2.07 0.35 −0.72 −2.14 −4.22 −5.41 −5.88
−0.4 6.3 0.84 1.09 0.84 0.177 3.56 2.15 0.43 −0.63 −2.05 −4.05 −5.24 −5.69
−0.4 7.9 0.86 1.10 0.83 0.186 3.68 2.26 0.55 −0.51 −1.93 −3.90 −5.09 −5.54
−0.4 10.0 0.88 1.12 0.83 0.197 3.74 2.32 0.63 −0.42 −1.84 −3.77 −4.96 −5.38
−0.4 11.2 0.89 1.13 0.84 0.201 3.74 2.35 0.68 −0.37 −1.79 −3.73 −4.91 −5.34
−0.4 12.6 0.90 1.14 0.84 0.205 3.73 2.38 0.72 −0.32 −1.74 −3.69 −4.87 −5.30
−0.4 14.1 0.91 1.16 0.84 0.212 3.72 2.40 0.76 −0.28 −1.70 −3.64 −4.82 −5.25
−0.4 15.8 0.92 1.17 0.84 0.219 3.71 2.44 0.80 −0.23 −1.65 −3.55 −4.72 −5.13
−0.4 17.8 0.93 1.18 0.84 0.223 3.46 2.38 0.80 −0.22 −1.64 −3.48 −4.65 −5.05
0.0 4.0 0.89 1.13 0.89 0.218 4.10 2.68 0.99 −0.04 −1.53 −4.09 −5.29 −5.80
0.0 5.0 0.90 1.14 0.89 0.224 4.20 2.79 1.11 0.08 −1.41 −3.93 −5.14 −5.63
0.0 6.3 0.91 1.15 0.89 0.232 4.41 2.93 1.25 0.23 −1.25 −3.79 −4.99 −5.48
0.0 7.9 0.93 1.18 0.89 0.244 4.57 3.02 1.34 0.33 −1.16 −3.71 −4.92 −5.41
0.0 10.0 0.96 1.20 0.90 0.258 4.70 3.09 1.42 0.42 −1.05 −3.61 −4.81 −5.30
0.0 11.2 0.97 1.22 0.90 0.265 4.75 3.11 1.46 0.46 −1.00 −3.59 −4.79 −5.29
0.0 12.6 0.99 1.24 0.91 0.273 4.80 3.14 1.49 0.50 −0.96 −3.56 −4.76 −5.26
0.0 14.1 1.01 1.25 0.92 0.280 4.81 3.15 1.52 0.54 −0.92 −3.55 −4.75 −5.24
0.0 15.8 1.02 1.26 0.92 0.287 4.83 3.17 1.56 0.59 −0.86 −3.53 −4.72 −5.22
0.0 17.8 1.03 1.28 0.92 0.294 4.83 3.20 1.60 0.64 −0.81 −3.50 −4.70 −5.20
+0.2 4.0 0.94 1.17 0.92 0.252 4.44 2.99 1.32 0.33 −1.11 −3.95 −5.16 −5.64
+0.2 5.0 0.94 1.17 0.91 0.256 4.53 3.13 1.47 0.47 −0.97 −3.82 −5.03 −5.52
+0.2 6.3 0.97 1.20 0.92 0.269 4.78 3.25 1.57 0.57 −0.88 −3.74 −4.94 −5.43
+0.2 7.9 0.99 1.22 0.93 0.282 4.95 3.33 1.66 0.68 −0.75 −3.73 −4.95 −5.46
+0.2 10.0 1.02 1.25 0.92 0.296 5.10 3.42 1.76 0.78 −0.63 −3.52 −4.72 −5.21
+0.2 11.2 1.03 1.26 0.93 0.305 5.15 3.42 1.77 0.81 −0.58 −3.50 −4.71 −5.20
+0.2 12.6 1.05 1.28 0.94 0.314 5.19 3.43 1.80 0.85 −0.53 −3.49 −4.70 −5.20
+0.2 14.1 1.06 1.29 0.94 0.323 5.23 3.45 1.83 0.89 −0.47 −3.48 −4.69 −5.19
+0.2 15.8 1.08 1.31 0.95 0.331 5.25 3.48 1.87 0.94 −0.43 −3.47 −4.68 −5.18
+0.2 17.8 1.09 1.33 0.95 0.338 5.29 3.52 1.92 0.99 −0.38 −3.46 −4.67 −5.17
a These numbers are uncertain because they require extrapolation of the Worthey et al. (1994) fitting functions.
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Figure 2. Various optical and near-IR SBF magnitudes for the Vazdekis (2000) models, using the new Padua isochrones (Girardi et al.
2000) and a Salpeter IMF, are plotted against three different integrated colours and the Mg2 index. The vertical scale is the same for
all the plots. The symbols are based on the convention used by Worthey (1993a, 1994) and are coded according to metallicity [Fe/H] as
follows: −1.7 (three-pointed stars), −1.3 (four-pointed stars), −0.7 (five-pointed stars), −0.4 (triangles), 0.0 (squares), +0.2 (hexagons).
The symbol size is according to age (bigger symbols for greater ages). All isochrone ages of 5.0Gyr or more (increasing in steps of 12%
to 17.8Gyr) are shown.
c© 2000 RAS, MNRAS 000, 1–24
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Figure 3. Similar to Figure 2, except that the new Padua isochrones have been replaced with the ‘old’ ones (Bertelli et al. 1994) in
the models. The highest metallicity model here is [Fe/H] = +0.4 dex, which we represent with circles; otherwise the metallicities and
symbols are the same as in Figure 2. The vertical limits are identical to those in Figure 2 for ease of comparison. Again, all isochrone ages
of 5.0Gyr or more are shown, but the age steps are irregular and the maximum age is 17.4Gyr. These plots demonstrate that simply
replacing the isochrone set with another, similar, set results in significant differences.
c© 2000 RAS, MNRAS 000, 1–24
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broadband colours, the Mg2 absorption index (mag), and the
SBF magnitudes in the UBV RIJHK bandpasses. Results
are given for ten different ages and all six metallicities. The
chief limitation of these models is their restricted metallic-
ity range. In particular, a large fraction of Galactic globular
clusters have metallicities [Fe/H] < −1.7, and thus cannot
be compared with these models. The choice of ages comes
from Girardi et al. (2000), except we omit models younger
than 4Gyr and age steps of less than 1Gyr. For ages less
than ∼ 5Gyr, the highly uncertain thermally pulsating AGB
stage in the model isochrones becomes more luminous than
the tip of the red giant branch (RGB), and thus the SBF
magnitudes become quite uncertain. Worthey (1993a) like-
wise noted this point and reported results for just the 5Gyr
and older models. The complete model output is available
on request to the authors†.
Figure 2 plots the V RIJHK SBF magnitudes for the
new model SSPs using a Salpeter IMF against three in-
tegrated colours and Mg2. As expected, the optical SBF
magnitudes become fainter with increasing metallicity and
redder integrated colour. The effects of metallicity and age
on the optical M -colour relations are less degenerate than
they were in the Worthey models, and thus these SSP plots
show more scatter than those ones. The MI -Mg2 relation
does however define a very narrow locus at intermediate
and high metallicity due to metallicity-age degeneracy. At
the two lowest model metallicities, appropriate for Galactic
globular clusters, the degeneracy is much less: M becomes
mainly sensitive to age while colour and Mg2 depend more
on metallicity.
We do not plot the results forMU andMB as these are
too faint to be useful in extragalactic studies and there are
almost no data available. However, the MB plots look very
similar to the V ones, except shifted fainter by 1.65mag.
The MU predictions are down by another ∼1.3mag and are
significantly different, with more age-metallicity degeneracy
at low metallicities and less at high metallicities.
In the near-IR bands, M shows much less total varia-
tion, especially for the higher metallicity models, which in-
dicate that J , H , and K should all be excellent distance
indicators for metal-rich giant ellipticals. However, at lower
model metallicities, age and metallicity are less degenerate.
For instance, at [Fe/H] < 0, theMJ -(I−K) plot completely
breaks the degeneracy, withMJ being a sensitive age indica-
tor and (I−K) varying almost exclusively with metallicity.
This could be useful for disentangling these parameters in
stellar population studies, but may add uncertainty to the
distance measurements of bluer ellipticals.
Of course, the accuracy of the distance indicator de-
pends on the mix of the simple stellar populations within ac-
tual stellar systems. We discuss this problem more in Sec. 5.
Here we examine some of the variables and uncertainties
with the SSP predictions themselves.
3.2.2 Results for Previous Isochrones
Figure 3 displays results as in Figure 2 but for models which
simply replace the new Girardi et al. (2000) isochrones with
† or see http://star-www.dur.ac.uk/∼vazdekis/
the older set of Padua isochrones (Bertelli et al. 1994, aug-
mented by Pols et al. 1995), which at fixed age and metallic-
ity have a cooler giant branch and lower main sequence but a
hotter turnoff. The ‘synthetic’ AGB phases are also different.
The differences in the resulting SBF predictions are signifi-
cant. The mean SBF magnitude gets 0.1–0.2 mag fainter in
the optical and ∼ 0.5mag brighter in the near-IR. The age-
metallicity degeneracy in the optical M–colour relations is
greater for these models, and the scatter is consequently
decreased. In the near-IR, the breaking of the degeneracy
persists to the highest metallicities and reddest integrated
colours. Thus, these models would indicate that SBF should
show large scatter in the near-IR even for giant ellipticals.
We tested to see how much of the discrepancy between
the two sets of model predictions is due to differences in
the AGB prescriptions of Girardi et al. (2000) and Bertelli
et al. (1994). We calculated solar metallicity models of age
10 Gyr but omitting stars in the AGB phase. The differences
between the optical SBF predictions of the two sets of mod-
els actually increased by a few hundredths of a magnitude,
but the differences between the near-IR SBF predictions de-
creased by ∼ 70%. Thus, the AGB prescription accounts for
most (though not all) of the discrepancy between Figures 2
and 3 in the near-IR, but not in the optical. The discrepancy
in the optical, and the rest of the near-IR discrepancy, must
result primarily from the RGB track calculations.
It is sobering to note that the fine tuning of the stellar
physics and the revision of the AGB prescription by Girardi
et al. has resulted in a markedly different set of SBF pre-
dictions. SBF is sensitive to the brightest stars in a stellar
population, and in an old system these are evolved stars,
whose properties tend to be the most uncertain. More op-
timistically, one could say that the sensitivity of SBF to
these stars provides the opportunity for new constraints on
the stellar evolution, particularly at high metallicity where
there are no Galactic globular clusters.
For the remainder of this paper we mainly restrict the
discussion to the models which use the new isochrones of Gi-
rardi et al. (2000) because of the improvements in the stellar
physics. However, we note where there would be major dif-
ferences in the results and interpretations if models based
on the previous set of Padua isochrones had been used.
3.2.3 Effect of the Empirical Transformations
We remarked above that the empirical approach to trans-
forming between the theoretical and the observational planes
is one of the major strengths of the models used here. In
order to test the importance of these empirical transforma-
tions, we have computed SBF magnitudes using the mainly
theoretically based photometric fluxes supplied with the
Padua isochrones (Girardi et al. 2000). Figure 4 shows the
differences between the SBF magnitudes predicted by the
Vazdekis models and by the Girardi et al. isochrones with
the supplied fluxes. While the V , J , and K predictions differ
at the 0.1mag level, the (V−I) fluctuation colours differ at
high metallicity by as much as 0.5mag, with the theoretical
predictions being redder (larger). The biggest differences oc-
cur for two of the most widely used SBF bandpasses: (I−H)
changes by up to 1.2mag at high metallicity between the two
sets of predictions.
The near-IR spectra of metal-rich giant stars are full of
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Figure 4. Differences between our (Vazdekis 2000) model SBF
predictions and the SBF magnitudes calculated using the inte-
grated magnitudes and colours supplied with the Girardi et al.
(2000) isochrones. Symbols are as in Figure 2. Since the isochrones
are the same, the differences are due to the different set of trans-
formations from the theoretical to the observational plane. Pos-
itive (negative) differences indicate that the Vazdekis SBF mag-
nitudes are fainter (brighter).
molecular absorption features; the slope of the theoretical
energy distribution will be sensitive to how well these are
modeled. Thus, it is not surprising that the empirical trans-
formations give quite different SBF results in the near-IR
than the mainly theoretical transformations, although it is
unclear why the J and K predictions agree so well. Lejeune
et al. (1997) compared their empirical stellar colours to the-
oretical colours from model atmospheres. Their plots show
that the most significant systematic problems occur in the
B, I , and H bands. However, the transformations supplied
with the Padua isochrones differ from those considered by
Lejeune et al. (1997).
In any case, Figure 4 vividly illustrates the importance
of the empirical transformations for this study. Given the
size of the differences, one hopes that the samples on which
the empirical transformations are based will continue to
grow in the number and variety of stars used. Improvements
in the theoretical stellar atmospheric fluxes are also needed.
3.2.4 The IMF
Figure 5 demonstrates how the M -(V−I) relations for the
new models depend on the slope of the (unimodal) IMF.
The colours are redder and the fluctuations fainter with
the steeper (more dwarf dominated) IMFs. Worthey (1993a)
concluded that IMF effects on the optical relations are
nearly degenerate with those of metallicity and age. For the
more moderate unimodal IMFs (µ ≈ 1–2), M shows rel-
atively little change in the optical at a given colour, thus
corroborating Worthey’s basic conclusion. However, in the
near-IR the mean and scatter inM at a given colour changes
more significantly.
Vazdekis et al. (1997) explored a range of both unimodal
and bimodal IMFs in detailed comparisons of the SSP model
colours and spectral indices with data for several elliptical
galaxies. For the unimodal case, they obtained the best fits
with a Salpeter-like slope. However, the fits using the bi-
modal IMF with µ ≈ 2.3 at intermediate to high masses
were better. (This result is independent of their conclusions
regarding a variable IMF in the full evolutionary models.)
Since the slope at the low-mass end was fixed, the bimodal-
ity does not introduce an extra degree of freedom. This type
of IMF, with a fairly steep high-mass slope and flat at low
masses, is quite similar to a Miller-Scalo IMF and closely
resembles the observed mass function of the Pleiades and
some other open clusters. [Scalo (1998) gives a comprehen-
sive review of the observations; see also recent reviews by
Meyer et al. (2000) and Paresce & DeMarchi (2000).]
Figure 6 shows the M predictions of the new models
for this type of IMF. They are remarkably similar to the
results shown in Figure 2 for the Salpeter IMF, with the
main difference being a shift in M fainter by ∼ 0.05mag.
The reason is that the decrease in the number of giants due
to the steeper high-mass slope is mostly compensated by the
decrease in the lower main sequence luminosity due to the
shallower low-mass slope. Put another way, a Salpeter IMF
reasonably approximates a Miller-Scalo IMF.
Thus, the precise form of the IMF appears to be of
secondary importance. The different IMFs give similar M -
colour relations, even though the model age and metallicity
at a fixed point in the (M, [V−I ]) plane varies. For the sake
of convention, we concentrate throughout most of the rest
of this paper on the results for a Salpeter IMF, commenting
where necessary on the effect of different IMFs.
4 COMPARING MODELS WITH DATA
4.1 Simple Stellar Populations: Globular Clusters
The least ambiguous way to test SSP models is to compare
their predictions to the observed properties of globular clus-
ters. Figure 7 compares the Ajhar & Tonry (1994) results
for V and I in 19 Galactic globular clusters with the SBF
predictions of our new models.
The globular cluster distances were calculated from the
‘compromise’ relation between the horizontal branch mag-
nitude and metallicity advocated in the current (June 1999)
version of the Harris (1996) electronic catalogue:
MV (HB) = 0.15[Fe/H] + 0.80 . (4)
The slope here is the same as used in the analysis by Ajhar
& Tonry, who adopted the calibration of Carney, Storm,
& Jones (1992) based on statistical parallax and Baade-
Wesselink measurements of field RR Lyrae stars, but the
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Figure 5. Model SBF predictions are plotted against (V−I) for 4 different unimodal IMFs with logarithmic slopes of 0.7, 1.3 (Salpeter),
2.3, and 3.0. Symbols as in Figure 2. The second column of plots from the left is identical to the second column in Figure 2 except that
the limits are changed for consistency with the other IMF columns in this figure.
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Figure 6. Similar to Figure 2, except that we use the bimodal IMF from Vazdekis et al. (1996), which is flat (in the logarithmic slope)
below 0.4M⊙ and has a steep slope of µ = 2.3 above 0.6M⊙, with a smooth transition in between. This approximates a Miller-Scalo
IMF, and the resulting predictions are close to the unimodal µ = 1.3 case illustrated in Figure 2. The limits are identical to those in
Figure 2 for ease of comparison.
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Figure 7. Comparison of the MV and MI measurements for
Galactic globular clusters by Ajhar & Tonry (1994) with the new
model (Vazdekis 2000; Salpeter IMF) predictions (dashed lines).
The models are for ages of 10.0, 14.1, and 17.8 Gyr (labelled), with
the younger ages giving brighter SBF magnitudes. The [Fe/H]
values for the globulars are taken from the Harris (1996) electronic
catalogue, version dated 22 June 1999, and we have adopted the
horizontal branch calibration used in that catalogue to set the
distances. The solid lines are simple linear fits to the data.
zero point is brighter by 0.21mag. However, this zero point
is 0.1–0.2 mag fainter than those favoured by recent analyses
of Hipparcos subdwarf parallaxes (Gratton et al. 1997; Car-
retta, et al. 2000), but it accords well with the calibration
derived when the RR Lyrae luminosity is set by requiring
consistency with the Cepheid distance to the Large Magel-
lanic Cloud (e.g. Walker 1992). Carretta et al. (2000) make
note of this last point and so adjust their final calibration
fainter by 0.1mag, concluding that the distances derived
from the subdwarf fitting are about 1σ too large.
All of the above methods for deriving the HB/RR Lyra
calibration, as well as HB measurements in M31 globulars
(Ajhar et al. 1996; Fusi Pecci et al. 1996), agree fairly well
on a slope of 0.15±0.05, but values of 0.30 or more have also
been proposed (e.g., Sandage 1993). Using a distance cali-
bration with a steeper slope makes the derived slope of M
vs [Fe/H] steeper, and thus more similar to the model pre-
dictions. However, as there are more direct and less model-
dependent means for deriving the slope of the RR Lyra cal-
ibration, we do not allow ourselves this added freedom.
With the distance calibration from Eq. (4), the Ajhar &
Figure 8. Comparison of MI model predictions with measure-
ments for galaxies with Cepheid distances (data from SBF-III).
Filled circles are for spirals with bulge mI measurements and
for the dwarf irregular NGC5253, which has (V−I)=0.85. Open
symbols are for the compact elliptical M32 (circle) and various
locations (10–130 arcsec) in the dwarf elliptical NGC205 (dia-
monds), both assumed to be at the same Cepheid distance as
M31. (The M32 data point represents a mean within a radius of
about 2.5 arcmin.) The dashed lines connect models of different
metallicity but fixed age; the ages represented are 4.0, 7.1, 10.0,
14.1, and 17.8 Gyr, with heavier lines used for greater ages. The
solid line shows the empirically calibrated relation based on SBF
measurements to ellipticals in groups with Cepheids distances.
Tonry (1994) globular cluster data give
MV = −0.46 + 0.44 ([Fe/H] + 1.5)
MI = −2.21 , (5)
with rms scatters of 0.16 and 0.26 mag in V and I , re-
spectively. There is no significant slope in the I band. The
models agree well with the I-band data in zero point and
are marginally too bright (given the ∼ 0.2mag uncertainty
in the observational zero point) in the V band, where the
metal-poor globulars would require greater model ages. Both
data and models exhibit a much steeper dependence forMV
on metallicity. The models predict an increasingly shallow
slope at increasingly lower metallicities in both bands.
We find the agreement between the globular cluster SBF
data and the new models encouraging. The agreement is
further improved if the more metal-rich globulars are also
younger, or, stated another way, this is what the present
comparison predicts. The baseline of this comparison needs
to be increased with more SBF measurements of higher
metallicity globulars (unfortunately these are generally at
large distances and low Galactic latitudes, with severe ex-
tinction and disk/bulge star contamination), as well as by
extending the model predictions to lower metallicities.
4.2 SBF in Galaxies with Cepheid Distances
Because the method works best for ellipticals, SBF distances
are difficult to calibrate against Cepheids. We are forced to
attempting the analysis in irregulars and spiral bulges or else
associating early- and late-type galaxies via uncertain group
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membership. Both options are fraught with systematic prob-
lems (see Appendix B of SBF-II) but are currently the only
means for comparing our models against the Cepheid dis-
tance scale. Figure 8 shows the comparison for the I band,
the only band with direct SBF measurements in Cepheid-
bearing galaxies other than M31. Two of the galaxies in
Figure 8 have MI values too bright by more than 1σ as
compared to the models. Otherwise the agreement appears
reasonably good.
The flattening of the MI -(V−I) relation for galaxies
with (V−I) < 1.0 was noted as a puzzle by SBF-I, and these
galaxies were excluded from the calibration, but our new
SSP models predict this effect. The apparent 18-Gyr age for
NGC205 is surely too high, but this may be misleading due
to composite population effects. The combination of old very
metal-poor stars with a young high-metallicity component
could yield observed position for NGC205 in Figure 8. In
addition, the true distance of this galaxy may well be greater
than the assumed M31 Cepheid distance. Observations of
both RR Lyra stars (Saha, Hoessel, & Krist 1992) and post-
AGB stars (Fullton & Bond 1997) indicate that NGC205 is
about 0.3 mag more distant than M31; if so, its inferred age
would decrease by 5Gyr.
M32 is the only ‘typical SBF galaxy’ in Figure 8, and
it appears consistent with the models if placed at the same
distance as M31. However, recent spectroscopic population
synthesis studies of this galaxy find best-fitting models with
solar metallicity, or slightly below, and an age typically 4–
6Gyr (Jones & Worthey 1995; Vazdekis & Arimoto 1999;
del Burgo et al. 2000; Trager et al. 2000a). Our models
with this age and metallicity (see Table 2) match the ob-
served (V−I) = 1.13 colour of this galaxy but give MI too
faint by 0.1–0.2 mag. Of course, the spectroscopic analyses
used much smaller apertures than the SBF analysis. Rose
et al. (2000, in preparation) find that M32 has a radial
age/metallicity gradient, even though the optical colours
stay nearly constant; thus, a direct comparison to the spec-
troscopic measurements is not possible.
Despite the potential problems, the group-based em-
pirical relation shown in the figure has encouraging overlap
with the models. Section 5 returns in greater detail to the
issues of composite populations and differences between the
empirical and model SBF calibrations in various bandpasses.
4.3 Fluctuation Colour versus Integrated Colour
Fluctuation colours are different from integrated colours. For
instance, Figure 9 plots (V−I) against (V−I) for globular
clusters (Ajhar & Tonry 1994), galaxies (Tonry et al. 1990;
this work; SBF-IV), and our new models. Although there
is an overall correlation between (V−I) and (V−I), these
quantities have opposite age dependences in our models. As
age increases at a fixed metallicity, the model (V−I) colour
gets bluer while (V−I) gets redder. This is a fairly common
feature of fluctuation colours in our models. For instance,
even though (V−K) is nearly independent of age at lower
metallicities, (V−K) gets nearly a magnitude bluer as age
is increased from 5 to 17 Gyr.
The galaxies in Figure 9 lie close to the higher metal-
licity models, where it becomes more difficult to separate
age and metallicity effects. A careful study of radial popu-
lation gradients within individual ellipticals using this dia-
Figure 9. The (V −I) fluctuation colour is plotted against inte-
grated (V−I) for the new models with ages ≥ 4.0Gyr (symbols
coded as in Figure 2), the Ajhar & Tonry (1994) globular clusters
(filled circles), and the data available for 21 galaxies in the Local
Group, Leo, Virgo, and Fornax (filled squares). The models here
use a Salpeter (µ = 1.3) IMF. The globular cluster NGC6624
(marked) with [Fe/H] = −0.4 has the highest metallicity in the
Ajhar & Tonry sample. The arrow shows the effect of increasing
the extinction estimate by 0.03mag.
Figure 10. Same as Figure 9, but for a steeper IMF of unimodal
logarithmic slope µ = 2.3; the model points have moved signifi-
cantly redder in (V−I) and slightly bluer in (V −I), mimicking
the effects of age. Although the steep IMF makes the match be-
tween models and data better here, other problems arise as a
consequence (see text).
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gram would be interesting. Gradients in single-band fluctu-
ation magnitudes are well known (Tonry 1991; Sodemann
& Thomsen 1995, 1996), and simply follow the integrated
colour gradients, which tend to be small for giant ellipticals.
A significant gradient in the (V−I) fluctuation colour would
be much more difficult to detect because of the small intrin-
sic spread and the large uncertainties. However, it might
reveal whether the radial population gradient is simply a
metallicity gradient or if age gradients are important as well.
With the expected high-resolution, wide-field imaging capa-
bility of future Hubble Space Telescope (HST) instruments,
this kind of study should soon be more feasible.
The globular cluster data in Figure 9 mainly lie among
the [Fe/H] ≤ −0.4, age ∼
> 10 Gyr models, but with an appar-
ently significant age spread. For instance, near (V−I) = 0.9
the data show a significant range in (V−I), and although
zero-point problems are likely, the trend of the models
clearly suggests age variations. We note that the globular
cluster NGC6624, which had the highest metallicity in the
Ajhar & Tonry sample, falls in a region of the diagram
consistent with its photometrically estimated metallicity of
[Fe/H] = −0.42. This value is higher than the spectroscopic
determinations by 0.3 dex (Vazdekis 1999) to as much as
0.7 dex (Origlia et al. 1997). Although the methods for de-
termining metallicity give discrepant results for this globu-
lar, it seems reasonable that SBF measurements would be
most consistent with the photometric value.
Figure 9 also reveals a possible shortcoming of the mod-
els: they do not get blue enough in (V−I) to match several
of the (V−I) > 0.9 globulars (this was also apparent in
Figure 7). On the other hand, this discrepancy could arise
from underestimating the extinction towards these globu-
lars, as illustrated by the reddening vector in the figure.
Presumably the models would reach these data points for
ages ∼
> 20Gyr, but this is unrealistically large. The prob-
lem is reminiscent of the difficulty encountered in trying to
match the Hγ absorption indices of globulars (Vazdekis &
Arimoto 1999; Gibson et al. 1999).
Figure 10 shows that the symptoms of this problem
can be removed with a steeper (unimodal) IMF of slope
µ = 2.3, which for this plot has effects similar to increas-
ing the age. (The Miller-Scalo-like bimodal IMF of high-
mass slope 2.3 basically reproduces the Salpeter IMF re-
sults in Figure 9). However, such a steep IMF is inconsistent
with observations of the stellar mass function in globulars
(Paresce & DeMarchi 2000), and makes (V−I) too red at
a given metallicity. It also implies ages ∼
< 7Gyr for some of
the globulars, which is inconsistent with ages based on the
colour-magnitude diagram. Thus, we continue to prefer the
models based on the Salpeter IMF, although they appear to
overestimate the ages somewhat.
4.4 Fluctuation Colours and Composite
Populations
Blakeslee et al. (1999a) showed a comparison of the observed
(V−I) vs (I−K) for 10 galaxies with the SSP model pre-
dictions from Worthey (1993a, 1994). The models had very
little overlap with the data, but rather looped around them,
approaching only the M32 data point. Thus, the only way
to reproduce the data was by combining the SSP models
and then specifically picking out the composite populations
Figure 11. The (I−K) fluctuation colour is plotted against
(V−I) for the new models (symbols as in Figure 2) and data for
12 ellipticals and the bulge of M31. The V data are from Tonry
et al. (1990) and the present work; the I data are from SBF-
III; the K data are from Luppino & Tonry (1993) (two galaxies),
Jensen et al. (1998) (ten galaxies), and Pahre & Mould (1994)
(one galaxy). The locus of the single-burst old stellar population
models of Worthey (1994) is indicated by a dashed line.
which overlay the data. Figure 11 updates this comparison
using the present set of models, revising the extinction esti-
mates as in SBF-II, and including the V data presented in
§2. The locus of the Worthey models, as in Blakeslee et al.
(1999a), is shown for comparison.
The new models provide a more natural explanation of
why the mean (V−I) for the galaxies is ∼ 2.4 with a rela-
tively small dispersion. As the model metallicity increases,
the (V−I) colour gets redder (though bluer as the age in-
creases at fixed [Fe/H]), until the metallicity approaches
roughly half solar and higher, where (V−I) remains near
2.4. The models plotted in Figure 11 use a Salpeter IMF
(µ = 1.3), but the form of this plot is not very sensitive to
the IMF. At the metallicities appropriate to elliptical galax-
ies, (V−I) gets bluer by about 0.08 mag, and (I−K) changes
by only about 0.03 mag, when the slope of the unimodal IMF
is increased to µ = 2.3. As before, a bimodal IMF with µ ≈ 2
gives results similar to Salpeter.
This figure is, however, very sensitive to the underlying
isochrones used in the modeling. As discussed more in the
following sections, the gross differences between the present
model predictions and those of Worthey are mainly due to
the different sets of isochrones used. Liu et al. (2000) also
find that their models, which use the stellar tracks of Bertelli
et al. (1994), are much closer to the data in this diagram
than the Worthey models are. For our models, the discrep-
ancy with the Worthey predictions becomes greater when
the Bertelli et al. (1994) isochrones are used: the model
points in Figure 11 would be shifted even further to the
left and would exhibit considerably more scatter.
Although our new models help us to understand the
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observed galaxy fluctuation colours better, composite pop-
ulation modeling still appears necessary for the galaxies in
Figure 11 with (V−I) ∼
< 2.3. We take up this problem in
the following section.
5 THEORETICAL DISTANCE CALIBRATIONS
One motivation for this work was to derive the best pos-
sible theoretical calibration of the SBF distance method,
particularly in the I and near-IR bands. One complication
is that our new SSP models do not generally define simple
linear relations between M and colour. This alone does not
indicate disagreement with observations, as actual galaxies
are not expected to be homogeneous simple stellar popula-
tions. However, it becomes necessary to combine the mod-
els in such a way as to reproduce the observed distribution
of integrated and fluctuation colours (distance-independent
quantities) before fitting for a distance calibration.
5.1 Recipe for the Composite Populations
We wish to combine the homogeneous SSP models into com-
posite systems in such a way as to mimic, at least crudely,
the evolution of an elliptical galaxy. We first group the SSP
models into three bins according to metallicity: (1) metal-
poor, (2) intermediate, and (3) metal-rich, with each bin
containing two of the six SSP model metallicities. We then
randomly choose one SSP model from each bin, or ‘metal-
licity component,’ subject to the following age restrictions:
14.1 Gyr ≤ age(1) ≤ 17.8 Gyr
8.9 Gyr ≤ age(2) ≤ 17.8 Gyr (6)
4.0 Gyr ≤ age(3) ≤ 17.8 Gyr .
We use all 14 isochrone ages of 4Gyr or more calculated
by Girardi et al. (2000). This includes all the ages listed in
Table 2 plus ages of 4.5, 5.6, 7.1, and 8.9 Gyr.
The three components are then combined with weights
f1, f2, f3, which are random numbers normalized so that the
composite models have in the mean contributions of 10%
from the low-metallicity bin, 40% from the intermediate bin,
and 50% from the high-metallicity bin. We experimented
with other weightings, but kept these for reasons given in
the following sections. The fluctuation luminosity for the
composite population is calculated as
L =
f1· 〈L
2
1〉+ f2· 〈L
2
2〉+ f3· 〈L
2
3〉
f1· 〈L1〉+ f2· 〈L2〉+ f3· 〈L3〉
, (7)
where by definition 〈L2i 〉 = 〈Li〉 ·Li.
We considered incorporating the additional require-
ment age(1) ≥ age(2) ≥ age(3), as would necessarily result
from pure self-enrichment models. Lifting this restriction in
favour of Eqs. (6) is meant to allow for the possibility of
merging/accretion or late infall of metal-poor gas. This ex-
tra freedom in the ages increases the scatter in theM -(V−I)
relations of the following section by ∼ 10% and affects the
slopes at the ∼ 10% level, but does not significantly affect
the zero points at our fiducial (V−I) = 1.15 colour.
Finally, we select out the composite models having
the same (within 3σ) fluctuation colours as the galaxy
data. In practice this includes all composite models with
(I−K) > 3.65 and (V−I) > 1.95. About 42% of the mod-
els meet these selection criteria. Overall, the mean ages for
the metal-poor, intermediate, and metal-rich components
are 15.9, 13.0, and 9.3 Gyr, respectively; after culling ac-
cording to the fluctuation colours, the mean ages become
16.1, 12.9, and 7.6 Gyr, respectively. Among the models in
this ‘culled sample,’ 12.9% have the intermediate metallic-
ity component older than the metal-poor component, 11.6%
have the metal-rich component older than the intermediate
component, and only 2.8% have the metal-rich component
older than the metal-poor one. These ‘age-overlap’ percent-
ages are decreased from 14%, 22%, and 7%, respectively, in
the pre-selection sample.
The fluctuation-colour selection therefore drives the
metal-rich component towards younger ages and signifi-
cantly decreases the fraction of composite models with ‘age
inversion’ (more metal-poor stars being younger than richer
ones). It may be tempting to conclude, speculatively, that
this result favours self-enrichment models and that the ac-
cretion of low-metallicity gas-rich material (and subsequent
formation of young, metal-poor stars) is not an important
factor in the luminosity grown of ellipticals. This is sim-
ilar to the conclusions of Trager et al. (2000b). However,
our composite population scheme is fairly ad hoc and the
model/data comparison uses only two observables (two fluc-
tuation colours). While the results are intriguing, firm con-
clusions on the evolution of early-type galaxies await more
exhaustive analyses with larger data sets.
5.2 Optical SBF Distances
Figure 12 plots the composite model SBF magnitudes in the
V RI bands against integrated (V−I) colour. The panels on
the left show models prior to any selection criteria, while the
ones on right have been culled according to their fluctuation
colours, as described above. The least-squares fits to the
culled models and the rms scatters in the fits are given by
MV = +0.74 + 4.8 [(V−I)− 1.15] , ± 0.15mag , (8)
MR = −0.21 + 4.9 [(V−I)− 1.15] , ± 0.13mag , (9)
MI = −1.47 + 4.5 [(V−I)− 1.15] , ± 0.10mag . (10)
The selection by fluctuation colours has decreased the rms
scatters by 28%, 25%, and 22% in V , R, and I , respectively.
The statistical uncertainties in the slopes of these relations
are ∼
< 0.5%, but experimenting with other reasonable metal-
licity weightings and age restrictions shows that variations
of ± 12% are typical and give a more realistic impression of
the uncertainty. The zero points, however, are much more
secure, typically varying by ±0.02mag or less (for a Salpeter
IMF; changing the IMF slope can cause variations 4 times
greater).
One motivation for the adopted composite population
scheme is that it reproduces the slope of 4.5 observed in the
I band (SBF-I). Thus, we cannot really claim that these
models ‘predict’ the observed I-band slope. Rather, the
slope was more of an observational constraint in the mod-
eling, similar to the (V−I) and (I−K) fluctuation colours.
For instance, decreasing the mean percentage of metal-poor
stars from 10% to 5% increases the I-band slope by about
8% and decreases the V slope so that the relation is steeper
in I , contrary to what is observed. Thus, metal-poor stars
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Figure 12. Optical V RI SBF magnitudes are plotted against
(V−I) for composite populations. In the left panels, no selection
criteria have been applied to the simulated composite popula-
tions; in the right panels, only composite models having (V−I)
and (I−K) fluctuation colours in the observed range for elliptical
galaxies are shown. In each case, 1200 points are plotted, and the
solid lines are least-squares fits to guide the eye. Note the differ-
ence in horizontal scale between the left and right panels. The
dashed lines represent the empirical relations in the V (top) and
I (bottom) bands, from this work and the I-band SBF survey,
respectively.
appear to be a small but important component of early-type
galaxies. Part of the reason the model slopes match the ob-
served ones is that the colour distribution of the composite
models, 1.05 ∼
< (V−I) ∼
< 1.25, is similar to that of the SBF
survey galaxies. The I slope is flatter for bluer populations,
as discussed in §4.2 above, and becomes steeper at the red
end (see §5.5 below).
The V -band calibration of Eq. (8) agrees well with the
observed calibration from Eq. (2). The zero points differ by
just 0.03mag. We note, however, that the adopted empirical
zero point relies on the group tie between SBF and Cepheids,
which is more secure both in a statistical sense and in the
sense that the calibrators are typical of the sample galaxies.
Had the ‘direct’ tie, based on fairly uncertain SBF measure-
ments in spiral bulges, been adopted in §2.2, the empirical
zero point (M
0
V = +0.65) would 0.09mag brighter than the
zero point of Eq. (8).
The empirical I zero pointM
0
I = −1.62 adopted in §2.2
is 0.15mag brighter than the Eq. (10) calibration. A simi-
lar offset was found in §4.2 when comparing MI for M32 to
the SSP models. Had we adopted the ‘direct’ Cepheid tie
from SBF-II, the discrepancy would be 0.27mag. We take
this as additional evidence in favour of the group calibra-
tion. Further, we note that the dynamical distance to the
NGC4258 water maser (Herrnstein et al. 1999) indicates
that the Cepheid distance scale may be too long by 0.2mag
(Maoz et al. 1999). If so, we would achieve excellent agree-
ment between the group I-band SBF calibration and our
theoretical calibration. The theoretical V -band calibration
would then be ∼ 0.2mag too bright, i.e., the (V−I) colours
of our composite models are too blue by about 0.15mag.
It is possible to ‘fix’ this situation by weighting them heav-
ily towards the high metallicity component, but then the
(V−I) colours become redder than the SBF survey galaxies
by ∼ 0.08mag and the I slope increases to ∼ 6.
Finally, we note that our theoretical MI calibration is
∼ 0.35mag fainter than the calibration from the Worthey
(1994) models (see SBF-I; Blakeslee et al. 1999a). At solar
metallicity, the (V−I) colours of the Worthey models are
∼ 0.07mag redder than ours. These differences are mainly
due to the different isochrone sets. As discussed in detail by
Charlot et al. (1996), the mean luminosity of the RGB stars
is about 25% greater in the isochrones used by Worthey.
For the integrated light, this is mostly offset by the greater
quantity of stars on the Padua RGB. However, even if these
two competing effects completely cancel for the integrated
light, the luminosity variance from the Worthey RGB will
be 0.25mag brighter. G. Worthey’s stellar population page‡
on the World Wide Web provides the option of replacing his
original isochrones with the Bertelli et al. (1994) isochrones.
Using this option makes the Worthey models at solar metal-
licity bluer in (V−I) by nearly 0.1mag and fainter in MI
by ∼ 0.50mag; the resulting calibration is about 0.2mag
fainter than ourMI calibration (which uses the more recent
Padua isochrones and a completely different set of trans-
formations). Yet, the new Liu et al. (2000) models use the
Bertelli et al. tracks and obtain a zero point similar to the
original Worthey (1994) one. Table 3 provides a summary
scorecard of the various empirical and theoretical I SBF cal-
ibrations.
This discussion illustrates how the combination of in-
tegrated colours and SBF magnitudes can provide impor-
tant new constraints for stellar evolution. At the same time,
the sensitivity of SBF to the finer details of RGB evolution
means that any theoretical calibration will at this point be
inherently uncertain.
5.3 Mg2 versus (V−I) for the Calibration
The I-band SBF distance indicator has also been calibrated
against the Mg2 absorption index (Thomsen et al. 1997).
This calibration, using mI data from Sodemann & Thom-
sen (1995) and the Mg2 measurements of Davies, Sadler,
& Peletier (1993), is based solely on the internal gradients
in NGC3379. It is only strictly applicable over the range
0.24 < Mg
2
< 0.28. The top panels of Figure 13 show the
corresponding relation for our composite models. The rela-
tion in the top right panel is
MI = −1.50 + 8.6 [Mg2 − 0.22] , ± 0.07mag . (11)
‡ http://astro.sau.edu/∼worthey
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Table 3. Comparison of I-band SBF Zero Points
M
0
I
a Methodb Source
−1.74 spiral SBF-II
−1.79 spiral Ferrarese et al. (2000)c
−1.54 spiral SBF-II, adjusted for NGC4258d
−1.62 group SBF-II
−1.42 group SBF-II, adjusted for NGC4258d
−1.47 theory This work, Eq. 10
−1.81 theory SBF-I, Worthey (1994) models
−1.25 theory Worthey Web page, Padua optione
−1.79 theory Liu et al. (2000)
a I-band SBF zero point evaluated at (V−I) = 1.15 using a
fixed slope of 4.5. Formal uncertainties on the empirical num-
bers are ∼ ±0.1mag (see SBF-II and Ferrarese et al.).
b ‘Spiral’ for the empirical direct SBF-Cepheid tie via spiral
bulges; ‘group’ for the empirical SBF-Cepheid tie via galaxy
groups; ‘theory’ for stellar population models.
c Ferrarese et al. used the same SBF and Cepheid distances as
SBF-II, but a different weighting scheme.
d Resulting zero point if the Cepheid scale is revised according
to the Herrnstein et al. (1999) NGC4258 maser distance.
e ‘Padua isochrones’ used here are those of Bertelli et al. (1994).
Figure 13.Model I-band SBF magnitudeMI and (V−I) colours
are plotted against Mg2 for our composite models. As in Fig-
ure 12, the left panels show models without any selection criteria,
and the right panels show models selected based on fluctuation
colours, with the solid lines being least-squares fits. Note the dif-
ference in horizontal scale between the left and right panels. The
dashed line in the top panels represents the empirical relation
from Thomsen et al. (1997). The dashed line in the lower panels
shows the relation between (V−I) and Mg2 obtained by tying
together the two separate MI calibrations; for visibility, this line
is extended well beyond its true validity limits. Data for nearly
200 galaxies (open diamonds) in common between the SBF and
SMAC surveys are shown for comparison; their Mg2 values have
been shifted by −0.04 as an overall estimate of the correction for
aperture differences.
The slope agrees well with the Thomsen et al. calibration,
but the zero point is again 0.15mag too faint. Although
the scatter is small, calibrating the observations is much
more difficult. It requires a well-orchestrated combination
of imaging and spectroscopy, and absorption measurements
are difficult well outside the bright galaxy centre. Also, there
is the unresolved (and unmodeled) issue over whether the
colours, and SBF magnitudes for that matter, should follow
the Fe abundance or the Mg overabundance.
The consistency between the Mg2 and (V−I) calibra-
tions is illustrated in the lower panels of Figure 13. We can
tie these two quantities together via their respectiveMI cal-
ibrations, which for (V−I) is based on ∼ 150 galaxies and
for Mg2 is based on one galaxy. The resulting ‘empirical’
line, extended well beyond the true limits of applicability,
almost perfectly overlays the model predictions. However,
the agreement may be somewhat coincidental. A shift of
only 0.02mag in the Mg2 data for NGC3379 (as, for in-
stance, in the measurements by Vazdekis et al. 1997) would
eliminate the offset in the top panel of Fig. 13 and cause an
offset in the lower panel. For a further comparison we show
in the bottom panel galaxies in common between the SBF
and SMAC (Smith et al. 2000; Hudson et al. 2000) surveys.
The SMAC Mg2 values have been shifted by −0.04 mag as
an approximate allowance for aperture effects. The galaxy
points follow a shallower slope than the models, perhaps be-
cause of the increasing Mg enhancement for redder, more
luminous ellipticals.
5.4 Near-Infrared SBF Distances
Figure 14 shows the composite model relations between
(V−I) colour and the near-IR SBF magnitudes. The cal-
ibrations derived from the simple least-squares fits are
MJ = −3.72 + 3.0 [(V−I)− 1.15] , ± 0.09mag , (12)
MH = −4.92 + 3.0 [(V−I)− 1.15] , ± 0.10mag , (13)
MK = −5.38 + 2.9 [(V−I)− 1.15] , ± 0.10mag . (14)
Again, the slopes show variations at about the 12% level
for different (reasonable) composite modeling assumptions,
while the zero points remain fixed at the ± 0.02mag level.
The selection by fluctuation colours decreases the rms scat-
ters about Eqs. (12)-(14) by ∼ 70% in each case. Thus, a
measurement of the actual scatter in a large and diverse
sample of early-type galaxies could provide insight into the
variety of the stellar mixtures in these galaxies.
Our model K-band zero point at (V−I) = 1.15 is
0.24–0.36 mag fainter than the empirical one (depending on
whether the group or direct Cepheid tie is used), which is
based on measurements by Jensen et al. (1998). We should
note that the K-band data are more weighted towards the
red than the I-band survey data, so a better fiducial colour
might be (V−I) = 1.2, in which case the zero point dis-
crepancy is 0.3–0.42 mag. Interestingly, the former Padua
isochrones (Bertelli et al. 1994), because of their more infra-
red luminous AGB, make the modelK zero point brighter by
0.5mag or more, i.e., about 0.2mag brighter than the em-
pirical zero point. However, the agreement becomes much
worse in the I band, with the theoretical zero point being
0.4–0.5 mag too faint because of the cooler RGB. Again, all
the same caveats apply as in §5.2 with regard to the sensi-
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Figure 14. Similar to Figure 12 except for the near-IR band-
passes. Again, note the horizontal scale difference between the
left and right panels. The dashed line in the bottom panels is the
empirical two-parameter group calibration from table 7 of Jensen
et al. (1998).
tivity of these calibrations to stellar evolution. Clearly we
will have learned much by the time the models reproduce
the SBF data in all bands.
It is noteworthy that the slopes of Eqs. (12)–(14) are
positive, i.e., in the same sense as the slopes for optical SBF
(although the K-band slope is negative before the selection
by fluctuation colours). This is in the sense opposite that
given by either the Worthey models or the Liu et al. (2000)
models, which both predict a brightening of the near-IR
SBF magnitudes for redder populations. The dimming of
our model near-IR SBF magnitudes in redder populations
agrees better with observations (Jensen et al. 2000, in prepa-
ration). In particular, we disagree with the conclusion by Liu
et al. (2000) that the K-band data imply that ellipticals all
have roughly solar metallicity but a large spread in age. In
the context of our models, the observed trend could well be
due to metallicity variations.
Redder than (V−I) = 1.2, Figure 14 shows a flattening
of the predicted relations, so that a constant M calibration
in the near-IR would work best for the reddest ellipticals.
Interestingly, just the opposite happens in the I-band, as we
discuss in the following section.
5.5 SBF with WFPC2
Ajhar et al. (1997) measured SBF magnitudes in the
WFPC2 F814W bandpass for 16 early-type galaxies ob-
Figure 15. A comparison of the synthetic stellar transforma-
tions from WFPC2 to Johnson-Cousins bandpasses (Holtzman
et al. 1995 – dashed lines) with the SBF transformations ‘mea-
sured’ from the SSP models (symbols as in Figure 2). Small but
systematic errors will be made in assuming that the stellar trans-
formations will apply to the SBF measurements. The true er-
rors will be larger than implied by this figure, as the Holtzman
et al. transformations were built into our code for computing the
WFPC2 magnitudes of the constituent model stars, but actual
stars will deviate from these transformations. Because we were
forced to rely heavily on synthetic transformations (shifted in a
fairly arbitrary way into agreement with the empirical transfor-
mations), our model SBF magnitudes for the WFPC2 filters are
more uncertain than for the standard bandpasses.
served with HST. Although F814W is similar to Cousins I ,
the data gave a steeper slope of 6.5± 0.8 for the calibration
against (V−I). In an effort to understand this, we have com-
puted SBF magnitudes for our models in the WFPC2 filter
system using the empirical and synthetic photometric trans-
formations from Holtzman et al. (1995). Unfortunately, the
empirical transformations are only determined for stars with
(V−I) ∼
< 1.4. For redder stars, including higher metallicity
RGB stars (the most important ones for us), they derived
synthetic transformations using template stellar spectra and
model bandpasses. It is this sort of theoretical transforma-
tion that we have sought to avoid in using the new Vazdekis
models, but here we are forced to it.
As Holtzman et al. discuss, their empirical and syn-
thetic transformations do not always agree. However, we
noticed that the two types of I–F814W transformation in-
tersect at (V−I) = 1.31. For consistency, we then shifted
the V –F555W and R–F675W synthetic transformations by
∼ 0.023mag into agreement with the empirical ones at
(V−I) = 1.31. We used the empirical transformation for
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Figure 16. The F814W SBF magnitudes are plotted against
(V−I) for composite models (after the fluctuation-colour selec-
tion). Again, 1200 individual composite models are plotted with
a linear fit (solid line), but the open circles represent averages
in (V−I) steps of 0.02mag for over 80,000 model realizations. A
linear fit to the open circles with (V−I) > 1.18 (short-dashed
line) has a slope in close agreement with the slope of the F814W
SBF calibration derived by Ajhar et al. (1997) (long-dashed line).
The vertical offset between the models and the empirical line
is 0.06mag, or 0.09mag less than the corresponding offset for
Cousins I, but this small discrepancy may be due at least in part
to systematic errors in the synthetic stellar transformations.
model stars bluer than this and the synthetic one for redder
model stars. After transforming all the stars, we calculate
the SBF magnitudes. Figure 15 shows the differences be-
tween the standard and WFPC2 V and I SBF magnitudes
as a function of (V−I), and compares these differences to
the stellar transformations. Even though these are precisely
the transformations used for the model stars in this colour
range, there are systematic (though small) differences with
the final SBF transformations. This should be no surprise:
the spectrum of the fluctuations is quite different from a
stellar spectrum, but it is a point often casually overlooked.
Figure 16 shows the resulting relation between M814W
and (V−I) for the culled sample of composite models. It
has the same overall 4.5 slope as in the standard I band,
and is shifted fainter by 0.06mag (but this result depends
on the uncertain synthetic transforms). However, there is
a steepening of the relation starting around (V−I) = 1.2.
To illustrate, we compute the running average of M814W in
(V−I) steps of 0.02 and plot the results in the figure. The
Ajhar et al. (1997) calibrating galaxies are distributed from
(V−I) = 1.15 to (V−I) = 1.31, with 75% being redder
than 1.20. This is because the WFPC2 images show only
the red galaxy centres. The slope of the running averages at
(V−I) > 1.18 is 6.2 [and changes by ±0.3 as the starting
(V−I) is changed by ±0.02], in good agreement with the
Ajhar et al. result. Thus, these new models for the first time
resolve the puzzle of the steeper F814W slope: it boils down
to a slightly nonlinear relation coupled with differences in
sample selection.
6 THE FLUCTUATION STAR COUNT
Recently, SBF-IV introduced the parameter N as the ratio,
expressed in magnitudes, of the total apparent flux from a
galaxy to the flux in the fluctuation signal. This ratio is
independent of distance, photometric calibration, and ex-
tinction; it corresponds to the total luminosity of a galaxy
in units of a typical giant star within that galaxy:
N = m−mtot = +2.5 log
[
Ltot
L
]
, (15)
where mtot is the total apparent magnitude and Ltot the to-
tal luminosity. Put another way, if all stars in a galaxy were
of magnitude m, then N would be 2.5 times the logarithm
of the total number of stars. SBF-IV therefore called N the
“fluctuation star count,” but it is known to the authors for
convenience as the “Tonry number.”
SBF-IV showed that N can be used as an alterna-
tive calibration in measuring SBF distances. The calibration
they derived, adjusted to our group-based zero point (§2.2),
is
MI = −1.62 + 0.14(N − 20) . (16)
Although this introduces covariance between mI and M I ,
the final distance modulus is actually 14% less sensitive to
errors in mI . Moreover, the necessity of measuring (V−I) to
an accuracy of 0.022 mag in order to limit the distance error
from photometry to ∼
< 0.1mag is replaced by the much less
stringent requirement of measuring mtot to an accuracy of
0.7mag. Similarly, the sensitivity to errors in the Galactic
extinction is cut nearly in half for the N calibration.
However, SBF-IV cautioned against dropping (V−I) al-
together in favour of N . The (V−I) calibration is based
purely on stellar population properties, whereas the N cal-
ibration essentially relies on the fundamental plane (FP) of
elliptical galaxies and may be subject to systematic effects,
such as environmental influences or the presence of a disk
component. SBF-IV showed that N has a tight correlation
with stellar velocity dispersion for SBF survey ellipticals:
log(σ) = 2.22 + 0.10 (N − 20) , (17)
where σ is in km s−1, and the scatter is 0.070 dex. The
connection with the FP becomes transparent if we invert
this relation to get
Ltot = 10
8L
(
σ
165 km s−1
)4.0
. (18)
Eq. (18) superficially resembles the classical Faber-Jackson
relation (Faber & Jackson 1976), but it contains an implicit
correction for the mass-to-light ratio via the L term, with
its strong stellar-population dependence. This explains why
the scatter is similar to that of the inverse FP (e.g., Hudson
et al. 1997), and less than half that of Faber-Jackson.
In order to model the behaviour of N , we must assume
some relation between the galaxy luminosity, or mass, and
the stellar population. Perhaps the most common form this
takes is the Mg2-σ relation (Dressler et al. 1987), conven-
tionally interpreted as a pure mass–metallicity relation (e.g.,
Bender, Burstein, & Faber 1993; Guzma´n, Lucey, & Bower
1993; but see also Trager et al. 2000b). However, we wish to
avoid the use of Mg2 here because it explicitly brings in the
alpha-enhancement issue.
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Figure 17. MI for the composite models is plotted against the
Tonry fluctuation number N , which has been computed assuming
an empirical colour–velocity dispersion relation. The solid line is
a least-squares fit to the models, and the thick dashed line is the
empirical relation from SBF-IV (Tonry et al. 2000b).
Instead, we simply derive the following relation between
the (V−I) colours of the SBF survey galaxies (SBF-IV) and
the velocity dispersions of these galaxies from the homoge-
nized SMAC sample (Hudson et al. 2000):
(V−I) = 0.71 + 0.20 log(σ) . (19)
Details of the comparison of the SBF and FP parameters
will be given by Blakeslee et al. (2000, in preparation). Next
we assume that the dynamical mass of a galaxy is given by
M = 5σ2re/G (e.g., Bender et al. 1992; Jørgensen 1999)
and make the zeroth-order assumption that all ellipticals
have effective radii re = 6 kpc. Finally, we assume that the
initial stellar mass is half the dynamical mass and then use
the model mass-to-light ratios to derive Ltot and N .
Figure 17 illustrates that our crude set of assumptions
produces anMI -N relation very similar to the observed one.
The slope of the composite model relation is 0.18, while the
empirical slope is 0.14 ± 0.04, and the scatter is 0.095 mag
(the slope and scatter would change to 0.20 and 0.074 mag,
respectively, if we culled as in the previous section). The zero
points of the model and empirical relations are also similar in
Figure 17, but this of course depends on the values assumed
for re and the fraction of the mass in stellar material. We
have provided only a fairly schematic explanation, based on
scaling laws, of why the N distance calibration works. A
true theoretical calibration of this method must come from
further developments in the semi-analytic modeling of early-
type galaxy formation (e.g., Cole et al. 1994; Baugh, Cole,
& Frenk 1996; Kauffmann & Charlot 1998).
7 SUMMARY AND CONCLUSIONS
We have presented new V -band SBF measurements for five
early-type galaxies in the Fornax cluster. Along with Virgo
and Leo V data from Tonry et al. (1990), these have been
used to derive an empirical, Cepheid-calibrated MV -(V−I)
distance indicator. The slope of this relation is 5.3±0.8, sim-
ilar to theMI -(V−I) empirical slope of 4.5 (SBF-I). We find
a mean fluctuation colour (V−I) = 2.4 for our fairly homo-
geneous set of ellipticals, with a dispersion of only 0.15mag,
comparable to the measurement error.
New stellar population models, updated from those
of Vazdekis et al. (1996) with the isochrones of Girardi
et al. (2000) and a new set of empirical transformations,
have been employed to calculate SBF magnitudes and in-
tegrated colours for six different metallicities and a wide
range of ages. The age-metallicity degeneracy in the opti-
cal M -colour relations is less for these models than for the
models of Worthey (1994), although there is still a high
degree of degeneracy in the relation against Mg2 at inter-
mediate and high metallicities. In the near-IR bands, the
model SBF magnitudes have much shallower dependences
on colour/metallicity. Below solar metallicity, they depend
solely on age, while the integrated colour depends almost
solely on metallicity. Thus, the MH vs. (I−K) plot com-
pletely breaks the age-metallicity degeneracy for the lower
metallicity models. This could be an important new avenue
in stellar population studies.
We have examined the sensitivity of our SBF pre-
dictions to changes in the isochrones, theoretical-to-
observational transformations, and the IMF. We find that
using the former set of Padua isochrones makes the SBF
magnitudes 0.1–0.2 mag fainter in the optical and about
0.5mag brighter in the near-IR. Using theoretical transfor-
mations instead of our empirical ones can change the MI
predictions by nearly 0.5mag andMH by up to 0.7mag; the
changes for the other bands are at the 0.1–0.2 mag level.
Thus, the isochrones and the transformations have about
equal importance for the SBF results. On the other hand,
different IMFs yield fairly similar M -colour relations in the
optical because the IMF effects are largely degenerate with
age and metallicity, as noted by Worthey (1993a). This is
less true in the near-IR, where the steeper IMF still makes
the model colour redder (like metallicity) andM fainter (like
age), but age and metallicity are no longer degenerate.
The MV and MI magnitudes of our low metallicity
models have been tested against observations for 19 globular
clusters. The models agree fairly well, especially if younger
ages are taken at higher metallicities, with the data in both
zero point and metallicity dependence, which is very weak
in the I-band. Model calculations at lower metallicities and
SBF measurements of higher metallicity globulars (if possi-
ble) would allow for much better tests. At any single metal-
licity, the models predict an anticorrelation between (V−I)
fluctuation colour and integrated (V−I) colour: increasing
the age makes (V−I) bluer and (V−I) redder, although
they both become redder with increasing metallicity. The
models further imply that the observed spread in (V−I)
at a fixed (V−I) should be interpreted as a spread in age
among the globulars. However, some of the globulars are too
blue in (V−I) (and thus too old) to be match models. This
could in part be due to errors in the extinction estimates. At
high metallicities, the models predict (V−I) ≈ 2.4, in good
agreement with the observations of elliptical galaxies.
Because the single-metallicity, single-age models do not
yield completely monotonic relations betweenM and colour,
we adopt a Monte Carlo approach to making composite
population models from three metallicity bins with differ-
ent (fairly loose) restrictions on age. We then select out the
models that reproduce the observed (distance-independent)
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fluctuation colours of early-type galaxies. This procedure re-
produces well the (V−I) colour range of elliptical galax-
ies and the empirically well-determined slope of MI against
(V−I). If we reduce the mean number of metal poor stars
in the models from 10% to 5%, the I-band SBF slope be-
comes marginally too steep, and steeper than the V -band
slope, contrary to observations. This is due to the flatten-
ing of the MI -(V−I) relation in bluer populations, seen in
both the data and our models, and is a palpable indication
of the presence of metal-poor stars in early-type galaxies.
Similarly, we find that the I slope becomes steeper for red-
der composite populations, those with few metal-poor stars.
This explains the steep slope found by Ajhar et al. (1997) for
HST F814W observations of elliptical galaxy centres, which
are usually quite red.
Although the slopes of the model M -(V−I) relations
are fairly sensitive to the details of the composite model
prescription, the zero points at (V−I) = 1.15 are not.
The zero point of the model MV calibration is only 0.03
mag brighter than the empirically determined zero point
from §2. If the ‘direct’ (but observationally more precar-
ious) tie of SBF to the Cepheid distance scale via spiral
bulges were adopted instead of the group tie, then the theo-
retical calibration would be 0.09 mag fainter than the empir-
ical one. The theoretical MI zero point is 0.15 mag fainter
than the empirical one (or 0.27 mag for the direct tie). On
the other hand, if the Cepheid distance scale were revised
to match the dynamically measured distance to the water
maser in NGC4258, then the theoretical and empirical MI
zero points would agree closely (at the expense of the em-
pirically less secure MV calibration). Our theoretical MI
calibration is ∼ 0.35mag fainter than the calibration given
by the Worthey models; this difference appears to stem from
the different isochrones used in the two sets of models.
The variation ofMI with Mg2 for the models is in good
accord with that obtained by Thomsen et al. (1997) from
the internal gradients of NGC3379. Again, the theoretical
zero point is 0.15mag fainter than observed. This relation
is predicted to have less scatter than the calibration against
(V−I), but the distances would be much more challenging
from an observational point of view, unless the SBF mea-
surements are restricted to the bright galaxy centres, as for
example with HST imaging. Also, the models do not include
the effects of Mg overabundance on either the linestrength
predictions or the isochrone temperatures, and it is unclear
how this would affect the theoretical calibration.
Our composite modeling predicts that the slope of the
near-IR M -(V−I) relation will have the same sense as in
the optical, in contrast to the predictions of the Worthey
(1994) models and the Liu et al. (2000) models. Our pre-
dicted relation then becomes nearly flat for (V−I) > 1.2,
(just the opposite of the behaviour seen in the I band). The
slope of our derived relations depends on our procedure for
selecting out composite models based on their fluctuation
colours. The selection criteria also greatly reduce the scatter
in the near-IR M -(V−I) relations. Observational studies of
the true slope and scatter, and further investigation into the
range of fluctuation colours among elliptical galaxies, would
be important from the standpoint of both stellar popula-
tion and distance studies. The MK zero point given by our
models is 0.24 mag fainter than the empirically calibrated
one (or 0.36 mag fainter with the direct tie). This discrep-
ancy depends strongly on the temperature structure of the
isochrones, including the AGB.
Finally, we have used mass-colour scaling relations to
investigate the recently-introduced Tonry number N , which
describes the luminosity of a galaxy in units of a typical
giant star. The simple scaling relations combined with the
stellar population models can reproduce the observed de-
pendence of M I on N from SBF-IV. However, a true theo-
retical calibration of this form of the SBF method requires
more physically-motivated evolutionary models.
Overall, our model SBF predictions are consistent with
observations at the ∼ 0.2mag level in the optical and at
the ∼ 0.3mag in the near-IR. The present uncertainties in
the empirical calibrations are thought to be about a fac-
tor of two smaller than this. These results therefore present
challenges for stellar evolution and population synthesis.
We have noted that SBF magnitudes are acutely sensitive
to the distribution and properties of evolved stars, partic-
ularly on the RGB, which in turn are sensitive to fairly
ill-constrained things such as the colour-temperature scale
for the coolest stars, the helium fraction, the prescription
for convection, variations in elemental abundance ratios,
diffusion, etc. However, it is precisely this sensitivity that
gives SBF its own unique vista, as compared to more tradi-
tional observables, and should make multi-band SBF obser-
vations an important constraint for future stellar population
modeling.
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